The development and availability of new-generation adjuvants beyond aluminum and emulsion formulations, together with a deeper understanding of the mechanistic role of adjuvant formulations in stimulating innate immunity and offer opportunities to improve candidate vaccine designs intended to protect against HIV-1 acquisition.
INTRODUCTION
A preventive HIV vaccine holds the greatest promise for long-lived immunity against HIV infection and remains a global health priority. After nearly 3 decades of HIV vaccine development and evaluation in humans, no licensed vaccine exists. Major efforts now focus on improving prime-boost vaccine regimens to enhance efficacy beyond the 31% achieved in the RV144 phase 3 trial [1] and on developing a pathway with HIV-1 envelope (Env) immunogens to induce broadly reactive HIV neutralizing antibodies (bnAbs) [2] . Advances in HIV-1 Env immunogen design and adjuvant formulations are moving at a parallel pace, and when combined, vaccineadjuvant formulations may overcome current challenges of potency and durability. This review highlights steps underway to rationally pair vaccine concepts with improved adjuvant formulations in preclinical and early phase 1 clinical evaluation.
ADJUVANTS AVAILABLE AND IN USE
For nearly a century, adjuvants have been combined with vaccine antigens to enhance protective immunity to pathogens, and adjuvants are now components of more than 30 licensed vaccines from different manufacturers [3 & ] (Fig. 1) . Aluminum gels or salts serve as adjuvants for most licensed pathogen-related subunit vaccines, as well as for most candidate HIV-1 subunit vaccine formulations undergoing clinical testing. Apart from aluminum adjuvants, only three other adjuvants are licensed in the United States for use as part of a vaccine: MF59 (Novartis, Basel, Switzerland) in influenza A and B vaccine [FLUAD (Seqirus, Holly Springs, NC, USA)], AS03 [GlaxoSmithKline (GSK, Brentford, UK)] in H5N1 influenza-adjuvanted vaccine stockpile, and AS04 (GSK) in the bivalent human papilloma virus vaccine [Cervarix (GSK)] against subtypes 16 and 18 [3 European Medicines Agency regulatory approval and will be introduced into malaria endemic regions to prevent infection in children [6] .
For HIV vaccines, MF59, a squalene-based oil-inwater emulsion, has been formulated with several HIV-1 Env proteins for extensive clinical testing and is currently in phase 2b efficacy evaluation [HIV Vaccine Trials Network (HVTN) 702] in South Africa as part of an ALVAC/HIV vector prime and adjuvanted bivalent gp120 boost regimen. In addition to AS03 and AS04, the Adjuvant System (AS) family (GSK) [3 & ,7] includes two adjuvants containing monophosphoryl lipid A and Quillia saponaria fraction 21 (QS-21), AS01 and AS02, both of which have been evaluated in phase 1 HIV vaccine studies [8] [9] [10] . AS01 is gaining interest for formulations with various new Env immunogens that will soon enter clinical testing. Table 1 Of note, new understanding has emerged in defining the mechanism of action of the Adjuvant System family primarily targeting TLR4 [7, 13, 14] , particularly regarding the cellular and molecular mechanisms of QS-21, a key component in the liposomal AS01 adjuvant [15 & ]. Following intramuscular injection, liposomal QS-21 rapidly accumulates in CD169þ resident macrophages of draining lymph nodes. These macrophages exert critical functions through initiation of innate cell recruitment into the lymph node and resulting dendritic cell (DC) activation and maturation. The adjuvant effect of QS-21 depends on the integration of caspase-1 and MyD88 pathways in the draining lymph node, at least in part, through the local release of high mobility group box 1 protein. Thus, these mechanistic studies provide insight into how this complex adjuvant system can engage the innate immune system to drive the adaptive response.
One challenge in understanding adjuvant effects in humans relates to species differences in innate cells, receptor expression, tissue distribution, and regulation of innate signaling responses, which
KEY POINTS
New HIV vaccine-adjuvant formulations are needed to induce antibodies with greater potency and persistence.
Accelerating new HIV Env immunogen-adjuvant combinations in humans requires optimal formulation and coordination between preclinical and phase 1 studies.
Probing the dynamics and molecular effects of complex adjuvant formulations with novel HIV-1 Env immunogens is critical for advancing candidate adjuvanted vaccine regimens that induce desired immune response profiles. may limit translation of preclinical experimental findings to clinical applications. TLR expression on antigen-presenting cells (APCs) varies between mouse and human. In inbred mice, functional TLR8 is not expressed on APCs, whereas in humans, myeloid DCs (mDCs) express both TLR4 and TLR8. Human plasmacytoid DCs (pDCs) and B cells express intracellular TLR7 and TLR9, which recognize viral and bacterial nucleic acids and mediate the production of type I IFNs, whereas in mice, TLR7 and TLR9 are primarily expressed by CD8 À mDCs [11] . Less is known about how responses to TLR ligand stimulation compare between rhesus macaques and humans. In-vitro stimulation studies [16] indicate that the response pattern of human and rhesus macaque pDCs and B cells to TRL7/8 and TLR9 is comparable, despite some differences in surface phenotype of responding cells. A comprehensive evaluation of rhesus macaque innate responses in blood and draining lymph node following TLR agonist intradermal injection highlights the distinct signatures of early innate responses both locally and systemically and provides a major step toward addressing species differences in recognizing TLR agonists now being used in nonhuman primate vaccine models and advanced to clinical studies [17] . These insights into species differences in innate responses can influence the selection of suitable animal models for preclinical immunogenicity and toxicity studies in developing candidates for clinical testing.
RECENT PRECLINICAL INVESTIGATIONS WITH HIV VACCINE-ADJUVANT FORMULATIONS
An effective HIV vaccine will likely elicit antibodies with sufficient potency and breadth to overcome the genetic diversity of circulating HIV-1 strains. Presumably, these antibodies will require the capacity to neutralize HIV, thereby preventing entry into target cells. Antibodies that can mediate antiviral Fc effector functions such as antibody-dependent cell-mediated cytotoxicity and antibodydependent cellular phagocytosis may also play a protective role, as was suggested from the RV144 trial immune correlates analysis [18] [19] [20] [21] and in more recent nonhuman primate Simian Immunodeficiency Virus (SIV)/Simian/Human Immunodeficiency Virus (SHIV) challenge studies following vaccination [22] . Several recent investigations have made technological advances to evaluate these vaccine effects in preclinical models, and a few key studies merit emphasis here.
Li et al. [23 & ] identified the residue at position 375 of Env in SHIV strains as a critical location in the CD4-binding pocket. Substitution of bulky or basic amino acids for serine at position 375 appears to enhance HIV Env binding affinity for the rhesus macaque CD4 receptor. The resulting SHIVs demonstrate persistent in-vivo replication in macaques and elicit predictable patterns of autologous sequence changes associated with neutralization, similar to HIV-1 in humans. These breakthrough ] performed a longitudinal analysis of adjuvant effects and HIV Env-specific Bcell receptor responses in rhesus macaques following Env protein vaccination with eight different adjuvants. An attractive feature of this study was the selection of clinical protein-adjuvant combinations. The immunogens were HIV clade C Env gp140 (Novartis) alone, or formulated with alum or MF59 with or without agonists of TLR 4 or 7, or with polyinosinic-polycytidylic acid/poly-L-lysine (poly IC : LC) or immune stimulating complexes (ISCOMs). Increased anti-Env binding titers and neutralization titers to tier-1A viruses were observed among the adjuvanted groups in contrast to the unadjuvanted group after four immunizations; notably the alum/TLR7, MF59, and ANE/TLR4 recipients produced the highest mean IgG end point titers. Moreover, the MF59, poly IC : LC, and ISCOM formulations elicited marked increases in Env-specific memory B cells after two or four immunizations, although these contracted by 12 weeks after the fourth immunization. Various adjuvant formulations did not modulate changes in overall somatic hypermutation levels and CDR H3 length, properties consistent with but not sufficient for development of bnAbs, and distinct from previous reports with use of MF59-adjuvanted influenza vaccine [25] and CpGadjuvanted hepatitis B vaccine [26] . This investigation provides an excellent framework for assessing B-cell and antibody responses with HIV vaccines that can be applied in preclinical and clinical models.
Franchini et al. [27 & ,28,29] conducted extensive investigations in a rhesus macaque SIV vaccine challenge model to elucidate and validate correlates of protection associated with the mildly efficacious RV144 Thai trial regimen [1, 18] using a recombinant canarypox vector (ALVAC)-SIV and gp120 formulated either in alum or MF59. Vaccine efficacy against SIVmac251 intrarectal challenge was associated with alum-induced, but not with MF59-induced, Env-dependent mucosal innate lymphoid cells producing IL-17, gp120 V2-specific mucosal IgG, and activation of the RAS pathway [27 & ]. Follow-up studies have pointed to the potential importance of mucosal anti-V2 antibodies at the site of virus challenge [29] and the ability of vaccine-induced antibodies to inhibit infectivity of virus that it binds and captures [28] . Larger confirmatory studies are in progress to understand the impact of these adjuvants on SIV protection, particularly at mucosal sites, which may inform future human trials with similar regimens.
Additional progress is being made with adjuvant carrier systems to heighten vaccine-induced immunity. Kasturi et al. [30] investigated nanoparticles that encapsulated TLR4 and TLR 7/8 agonists and combined with SIV Env and Gag expressed as soluble proteins or virus-like particles. The nanoparticle-TLR formulation, in comparison with alum adjuvant, significantly enhanced the magnitude and persistence of antigen-specific antibody responses. Francica et al. [31, 32 & ] have designed thermoresponsive polymer nanoparticles to codeliver pathogen antigens. This platform holds promise for structure-based vaccine designs potentially including HIV-1 Env neutralizing epitopes. Weiner et al. have addressed ways to improve adjuvanted SIV and HIV DNA vaccines with cytokine or chemokine plasmids delivered by electroporation. They recently reported that rhesus macaques coadministered SIV DNA and CCR9L or CCR10L adjuvants by electroporation were protected from multiple low-dose intravaginal SIVsmE660 challenge by over two-fold versus DNA alone [33] . Taken together, these animal studies support the further study of novel adjuvanted vaccines and their potential for advanced evaluation in clinical trials.
Examination of early events in vaccine antigenadjuvant priming in animal models are lending insight into new methods to induce desired immunity and to measure their effects [ ] reported heightened antibody responses by sustained delivery of HIV antigens through either repeated injections or osmotic pumps over 1-2 weeks. Exponentially increasing dosing was superior to a single full dose priming; findings were consistent with antigen retention in draining lymph nodes and expanded germinal center B and Tfh cell responses. Thus, regulating the kinetics of antigen and adjuvant delivery may stimulate increased vaccine potency. Havenar-Daughton et al. [35 && ] have employed repeated direct probing of germinal center responses by fine needle lymph node aspirates in NHP studies and found that induction of neutralizing antibodies against tier-2 autologous HIV strains best correlated with germinal center B-cell magnitude and Env-specific CD4þ Tfh cells. Furthermore, based on murine, NHP, and human data, Havenar-Daughton et al. [36] found that significantly higher levels of plasma CXCL13 were associated with heightened germinal center reactivity, attesting to the potential use of CXCL13 as an easily accessible biomarker in blood to follow germinal center activities promoting functional antibody responses and persistence. Similar sampling strategies are under evaluation in early-phase human vaccine studies (Fig. 2) .
PROGRESS IN RATIONAL DESIGN OF HUMAN HIV IMMUNOGEN AND ADJUVANT COMBINATIONS
Although it is assumed that newer adjuvant-vaccine formulations induce superior potency to alumvaccine formulations, formal evaluation in the same clinical study with newer generation Env immunogens has not yet been reported. However, two recent reports comparing two or more adjuvant formulations with subunit proteins in clinical studies merit emphasis. In one report [38] , two phase 1/2 studies (RV135 and RV132) related to the RV144 phase 3 trial evaluated the same priming ALVAC-HIV vector (vCP1521) and two different Env protein-adjuvant combinations as booster immunizations. Comparable rates of serum anti-Env IgG antibody decline were noted following vaccination in the two studies, and the MF59 adjuvant formulation did not elicit higher IgG responses relative to alum. As the authors note, limitations of this comparative analysis include different bivalent HIV gp120/B/E proteins and doses in the two studies. In the second report [39] , immune responses were compared in a five-arm clinical study using either alum or one of four Adjuvant Systems (AS01B, AS01E, AS03A, or AS04) formulations with hepatitis B surface antigen immunogen. Functional profiles of antigen-specific CD4þ T cells were similar among all arms, dominated by CD40L and IL-2 expression. The AS formulations, particularly AS01 and AS03, elicited more rapid and higher titer antibody responses and CD4þ T-cell response rates when compared with the alum arm. Clearly, new well designed clinical trials comparing adjuvant effects with Env immunogens are critically needed in the HIV vaccine field. Clinical trials are ongoing and planned to evaluate alone, or in some cases to compare, different adjuvant formulations (e.g., alum, MF59, and AS01B) with subunit boosts in prime-boost regimens (Table 1 ). In addition, future studies comparing various TLR agonist formulations with alum adjuvants using a single Env immunogen are planned and will be key to advancing the field.
Improved understanding of the structural and immunological determinants needed to elicit bnAbs is progressing at a rapid pace in animal models [40] . Well ordered soluble Env trimers have been stably produced and provide a platform for immunogen designs and evaluation to proceed along a pathway for inducing bnAbs [41,42,43 & ,44] . In addition, germline targeting antigens that can specifically bind and activate B cells of a single bnAb lineage can serve as immunogens to initiate this process. Establishing one to two novel adjuvant formulations (Table 1) with Env trimers and germline targeting antigens will be beneficial for testing in NHP and human investigations to enhance affinity to targeted epitopes and improve potency. Evaluation of the distinct innate and adaptive immune pathways and response kinetics that drive the induction of bnAbs will ideally include selective sampling of draining lymph nodes and bone marrow to characterize germinal center reactivities, long-lived plasma cells, extensive B-cell repertoire sequence analysis and functional antibody studies. Figure 2 highlights the key elements of a potential study Interrogating relevant innate and adaptive immune responses longitudinally in blood, draining lymph nodes, and bone marrow following immunization with HIV vaccine-adjuvant combinations. This approach will optimize identification of adjuvant-related innate signaling patterns and key steps and bottlenecks on a path to broadly reactive HIV neutralizing antibody development.
schema for these first-in-human studies to comprehensively interrogate these responses.
Significant challenges lie ahead in conducting these studies. A given adjuvant is licensed as a component of the adjuvanted vaccine, not separately. Hence, each novel adjuvant must be tailored to a given candidate HIV vaccine, which typically requires new formulation, toxicity, preclinical immunogenicity studies, and extensive safety monitoring in humans for local and systemic adverse events, including longer study follow-up than typical vaccines lacking adjuvants [45] [46] [47] . These steps slow the pace of moving new HIV vaccine concepts into first-in-human studies.
CONCLUSION
Since the initiation of HIV-1 preventive vaccine studies in 1987, at least 11 adjuvants have been evaluated with HIV-1 Env protein or peptide immunogens. With heightened interest in developing HIV vaccines that can induce antibodies with protective antiviral responses, particularly bnAbs, new adjuvant formulations will play a key role in improving Env immunogen designs.
